Regulation of osteoblast and osteocyte viability is essential for bone homeostasis. Smad4, a major transducer of bone morphogenetic protein and transforming growth factor-β signaling pathways, regulates apoptosis in various cell types through a mitochondrial pathway. However, it remains poorly understood whether Smad4 is necessary for the regulation of osteoblast and osteocyte viability. In this study, we analyzed Smad4Δ Os mice, in which Smad4 was subjected to tissue-specific disruption under the control of the 2.3-kb Col1a1 promoter, to understand the functional significance of Smad4 in regulating osteoblast/osteocyte viability during bone formation and remodeling. Smad4Δ Os mice showed a significant increase in osteoblast number and osteocyte density in the trabecular and cortical regions of the femur, whereas osteoclast activity was significantly decreased. The proliferation of osteoblasts/osteocytes did not alter, as shown by measuring 5′-bromo-2′deoxyuridine incorporation. By contrast, the percentage of TUNEL-positive cells decreased, together with a decrease in the Bax/Bcl-2 ratio and in the proteolytic cleavage of caspase 3, in Smad4Δ Os mice. Apoptosis in isolated calvaria cells from Smad4Δ Os mice decreased after differentiation, which was consistent with the results of the TUNEL assay and western blotting in Smad4Δ Os mice. Conversely, osteoblast cells overexpressing Smad4 showed increased apoptosis. In an apoptosis induction model of Smad4Δ Os mice, osteoblasts/osteocytes were more resistant to apoptosis than were control cells, and, consequently, bone remodeling was attenuated. These findings indicate that Smad4 has a significant role in regulating osteoblast/osteocyte viability and therefore controls bone homeostasis.
INTRODUCTION
Osteoblast and osteocyte viability have an important role in bone homeostasis. Many studies have found that signaling pathways involve crosstalk between osteoblasts and osteoclasts maintain the bone matrix depending on various physiologic and pathologic conditions. [1] [2] [3] [4] [5] [6] Osteoblast apoptosis, such as steroid-induced apoptosis and microgravity-induced apoptosis, stimulates osteoclastogenesis and bone resorption. 7 Recent studies have demonstrated that receptor activator of nuclear factor-κB ligand (RANKL), which is released by apoptotic osteocytes, affects osteoclast activity and is essential for bone remodeling. [8] [9] [10] [11] [12] Increasing osteoblast and osteocyte viability protects against osteoporosis induced by unloading, aging, sex steroid deficiency and excess glucocorticoids. [10] [11] [12] Therefore, controlling osteoblast and osteocyte viability is essential for recovery from pathologic bone conditions.
Transforming growth factor-β and bone morphogenetic protein (TGF-β/BMP) signaling have critical roles in bone homeostasis. [13] [14] [15] [16] [17] In the canonical pathway, each ligand transduces its signal by binding to a receptor, which forms a heterotetrameric complex. This complex phosphorylates intracellular, receptor-regulated Smads (R-Smads: Smad1, 2, 3, 5 and 8). Phosphorylated R-Smads combine with a common-mediator Smad, Smad4 and translocate to the nucleus, where they regulate target gene expression. Smad4 is a common mediator of TGF-β/BMP signaling in bone homeostasis, unlike R-Smads. Smad1, 5 and 8 mediate BMP signaling, and Smad2 and 3 mediate TGF-β signaling. In addition, Smad4 regulates apoptosis in a variety of cells. [18] [19] [20] TGF-β signaling triggers apoptosis in mouse mammary epithelial cells through a mitochondrial pathway. 18 TGF-β is also involved in inducing apoptosis by affecting the Bax/Bcl-2 balance. 21 Moreover, Smad-dependent BMP signaling induces osteoblast apoptosis via the mitochondrial pathway in mature osteoblast cells. 22 We focused on the role of Smad4 in apoptosis induction in bone because osteoblast apoptosis is known to be affected by both TGF-β and BMP signaling.
However, Osx-Cre-mediated Smad4-disrupted mice show increased apoptosis of osteoblasts and osteocytes on the diaphysis. 16 Therefore, it remains unclear whether Smad4 signaling is involved in osteoblast and osteocyte viability and apoptosis.
Here we generated tissue-specific Smad4-disrupted mice under the control of 2.3-kb Col1a1-Cre to investigate the roles of Smad4 signaling in the control of osteoblast and osteocyte viability.
MATERIALS AND METHODS Animals
The Animal Welfare Committee of Chonbuk National University approved all animal procedures. Smad4-floxed allele (Smad4 fl/fl ), Col1a1-Cre and Rosa26 (R26R) reporter mice were described previously. [23] [24] [25] To generate Col1a1-Cre;Smad4 fl/fl (Smad4Δ Os ) mice, Col1a1-Cre;Smad4 fl/+ (control) mice were crossed with Smad4 fl/fl mice. Mouse genotypes were assessed by polymerase chain reaction analysis using previously described primers. [23] [24] [25] To analyze Cre activity, Col1a1-Cre mice were crossed with R26R mice, and the femora of double-transgenic mice were processed for X-gal staining as described previously. 26 Figure 1 Delayed growth in targeted Smad4-disrupted mice. (a) Disruption of Smad4 protein in Smad4Δ Os mice was verified by western blotting using total protein lysates from 3-week-old control and Smad4Δ Os mouse femur, heart, liver, spleen, kidney and muscle. (b) Total RNA was isolated from the bones of each littermate mouse 3 weeks postnatally, and the mRNA level of Smad4 was determined using real-time RT-PCR analysis. Tissue preparation, immunohistochemistry, TRAP staining and TUNEL assay Femora dissected from mice were fixed in 4% paraformaldehyde at 4°C overnight. After rinsing with phosphate-buffered saline (PBS), the specimens were decalcified in 15% EDTA/PBS for 3-5 weeks, dehydrated, embedded in paraffin and sectioned at a thickness of 5 μm. To acquire samples at the same position for each femur, we sectioned the bone on the basis of two points. The proximal point was the piriformis insertion site, and the distal point was the anterior crucial ligament origin site. The samples and sections were acquired at nearly the same location in the centers of the femora (Figure 1f) . Slides of sections were stained with hematoxylin and eosin for histological analysis.
For immunostaining, sections were treated with 3% hydrogen peroxide and incubated with rabbit polyclonal antibodies against caspase 3 (1:50; Abcam, Cambridge, MA, USA). A Histostain Plus rabbit primary (DAB) kit (Zymed Laboratories, San Francisco, CA, USA) was used according to the manufacturer's instructions. To detect osteoclasts, TRAP staining was performed with a TRAP staining kit (Sigma-Aldrich, St Louis, MO, USA). The number of osteoclasts in trabecular bone was counted by using microscopy. To detect apoptosis, a TACS 2 TdT-DAB In Situ Apoptosis Detection Kit (TREVIGEN, Gaithersburg, MD, USA) was used according to the manufacturer's instructions. The number of apoptotic osteocytes and total osteocytes in cortical bone were counted, and the percentage of apoptotic cells was calculated.
Incorporation of 5′-bromo-2′deoxyuridine and cell proliferation assays
To detect the extent of cell proliferation in the osteoblast and osteocyte populations, 5′-bromo-2′deoxyuridine (BrdU) labeling reagent (45 μg g − 1 body weight; Roche, Indianapolis, IN, USA) was injected intraperitoneally into mice at P10. Two hours after injection, their femora were dissected, embedded and sectioned in the mid-sagittal plane for immunodetection with a BrdU labeling and detection kit (Roche). For statistical analyses, three independent littermates were used in each of the studies.
X-ray and micro-computed tomography
Mice were imaged with a high-resolution digital mammographic imager with a direct detection flat-panel array design (Mammomat Novation, Siemens AG Medical Solutions, Erlangen, Germany) and a flat-panel digital detector (24 cm; maximum matrix size 3328 × 4096; pixel size, 70 μm). All images were obtained with exposure settings of 34 kVp and 110 mA at × 1.5 magnification. For micro-computed tomography (μCT), femora dissected from mice were scanned using a desktop scanner (1076 Skyscan Micro-CT, Skyscan, Kontich, Belgium) at 8-μm resolution and analyzed with CTAn software (Skyscan). A global thresholding algorithm was applied at a constant threshold for all specimens. The threshold was the intensity (gray value) that corresponded to~50% of the average intensity of intact cortical bone. Trabecular lesions were analyzed in the distal metaphysis extending proximally 1.5 mm from the end of the growth plate. Cortical lesions were analyzed in the diaphyseal segment extending 1.5 mm proximally and distally from the midpoint between the femoral ends.
Tail suspension
Mechanical unloading was performed by tail suspension for 2 weeks (in 2-5-month-old female mice, n = 4 per group). For tail suspension, a metal clip was attached to the tail with tape. The end of the clip was fixed to an overhead bar and the suspension was adjusted to maintain the mice at~30°head down tilt. Grounded control littermates mice were caged under the same conditions without tail suspension. All mice were caged individually.
Osteoblast isolation and mineralization
We isolated osteoblasts from calvaria of control mice and Smad4Δ Os mice at postnatal day 3. The periosteum and endosteum of individual calvaria were carefully removed, cleaned and thoroughly diced into small pieces, pooled for each pup, and digested in 1 × PBS containing 4 mg ml − 1 of collagenase Type II (Worthington, Lakewood, NJ, USA) at 37°C for 10 min. The initial digestion was discarded, and the supernatants from the second and third sequential digestions at 37°C were collected. Cells were collected by centrifugation and resuspended in αMEM supplemented with 100 U ml − 1 penicillin, 100 μg ml − 1 streptomycin and 10% fetal bovine serum. Primary osteoblasts were seeded on 100-mm culture dishes at an initial density of 1 × 10 5 cells. For mineralization, cells were incubated for 21 days with 10 mM β-glycerophosphate and 50 μg ml − 1 ascorbic acid. The culture medium was replaced every 2-3 days. The mineralization matrix was stained with 40 mM alizarin red solution at day 14 after the initial mineralization.
Cell culture and transient transfection of plasmid
7F2 cells (ATCC, Manassas, VA, USA) were cultured in DMEM supplemented with 100 U ml − 1 penicillin, 100 μg ml − 1 streptomycin and 10% fetal bovine serum. Transient transfection was performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Briefly,~80% confluent 7F2 cells were transfected with 5 μg of pRK-DPC4-Flag (Smad4) and the empty vector (Empty). After 24 h, the cells were harvested in a protein extraction solution (Pro-Prep; Intron Biotechnology, Seoul, Korea) with protease and phosphatase inhibitors.
Mineralization and detection of apoptosis
7F2 cells were seeded on 60-mm culture dishes at an initial density of 2 × 10 5 cells. After transfection of Smad4 and empty vector, the cells were incubated for 5-7 days with 10 mM β-glycerophosphate and 50 μg ml − 1 ascorbic acid. The culture medium was replaced every 2-3 days. Apoptosis was determined using an APOPercentage apoptosis assay kit (Biocolor Ltd, Belfast, Northern Ireland) on day 6 after initial mineralization. Digital images of APOPercentage dye-labeled cells, appearing bright pink against a white background under a light microscope, were used to detect the apoptotic cells. To quantify apoptosis, cells were incubated with a 1:100 dilution of the dye for 5 min. After staining, cells were washed with PBS, and the dye within the labeled cells was subsequently released into the supplied dye release reagent. The contents of each dish were transferred to a 96-well flat-bottomed plate and the absorbance was read at 550 nm using a microplate reader.
Quantitative real-time PCR with reverse transcription analysis
Femora of control and mutant mice were dissected free of soft tissue, and the bone marrow was flushed away. Femora frozen in liquid nitrogen were crushed with a mortar and pestle. Total RNA was extracted with TRIzol reagent (Invitrogen) according to the manufacturer's instructions. RNA from extracted tissues was precipitated with isopropanol and dissolved in DEPC-treated distilled water. cDNA was synthesized from random hexamer primers from first-strand cDNA synthesis kits according the manufacturer's instructions (Applied Biosystems, Foster City, CA, USA). Specific primers were designed (Supplementary Table S1) using Primer Express software (Applied Biosystems). GAPDH was used as an invariant control. PCR reactions, data quantification and analysis were performed. Samples from five mice from each group were analyzed, and RNA from individual mice was analyzed separately.
Western blotting
Equal amounts of protein extracts were separated on 10% SDS-polyacrylamide gel electrophoresis and blotted onto polyvinyl difluoride membrane. The blots were probed overnight with primary antibodies as follows: mouse antibodies against Bax (Enzo Life Sciences, Farmingdale, NY, USA) and β-actin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and rabbit antibodies 
Statistical analysis
One-way analysis of variance was used for multiple comparisons, and Student's t-test was used to determine significant differences between two sets of data. Differences were considered significant at Po0.05. All data were analyzed using SPSS statistical software (version 16.0; SPSS, Chicago, IL, USA).
RESULTS
Osteoblast/osteocyte-specific disruption of Smad4 leads to delayed growth in modeling state We measured Smad4 protein expression in the major organs of Smad4Δ Os mice (Figure 1a ). Smad4 expression was decreased 
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YJ Moon et al in bone but was not altered in other major organs. In addition, the Smad4 mRNA level was significantly reduced in the bone of Smad4Δ Os mice (Figure 1b) . We analyzed Cre activity using X-gal staining in Col1a1-Cre;R26R mice ( Figure 1c ). β-galactosidase activity was observed in most osteoblasts in the trabecular region and in all endosteum-lining osteoblasts and osteocytes in cortical bone. Smad4Δ Os mice were appeared normal at birth and had body sizes and weights similar to those of littermate controls (data not shown). Smad4Δ Os mice exhibited slightly smaller bodies and decreased femur length at 3 weeks (Figure 1d and f) , but spontaneous fracture, severe bone abnormalities and craniofacial bone defects were not observed (Figure 1d and e). Although Smad4Δ Os mice had slightly smaller bodies than controls at 3 weeks, these differences decreased gradually with age (Supplementary Figure S1) . Furthermore, trabecular bone mass of Smad4Δ Os mice increased slightly at 3 weeks, and these changes were greater at 6 weeks and 5 months (Figure 1f ).
Smad4 regulates bone formation and affects bone resorption
In the μCT analysis of trabecular bone in the distal femur, the ratio of bone volume to total tissue volume (BV/TV) was 2-fold higher in Smad4Δ Os mice than in control mice at 3 weeks. Trabecular separation (Tb.Sp) was significantly lower in Smad4Δ Os mice than in control mice ( Figure 2a and Table 1 ). Hematoxylin and eosin staining showed that the trabecular bone of the epiphysis and metaphysis in Smad4Δ Os mice was thicker than that in control mice at 3 weeks (Figure 2b ). Because changes in bone volume are associated with bone homeostasis, we evaluated mRNA levels of genes that are markers of bone formation and resorption. The mRNA expression levels of pre-osteoblast marker genes, Runx2, alkaline phosphatase (ALP), collagen (Col1a1) and osteopontin (OPN), were significantly decreased in Smad4Δ Os mice. In addition, the expression levels of mature osteoblast markers, namely, osteocalcin (OC) and bone sialoprotein (BSP), were reduced in Smad4Δ Os mice. An early osteocyte marker gene, dentin matrix protein 1 (Dmp1), was also decreased in Smad4Δ Os mice (Figure 2c ). These results suggest that bone mineralization was reduced at all osteoblast/osteocyte stages in Smad4Δ Os mice.
Expression of the osteoclast bone resorption marker, tartrate-resistant acid phosphatase (Trap), decreased significantly in Smad4Δ Os mice compared with control mice. In addition, the expression of cathepsin K (Ctsk), a lysosomal enzyme essential for osteoclastic bone resorption, was reduced, although not significantly (Figure 2d ). We also measured the expression levels of receptor activator of NFκB ligand (Rankl) and osteoprotegerin (Opg), which are secreted by osteoblasts/ osteocytes to regulate osteoclastogenesis. 1,2 RANKL expression decreased significantly by~30%, but Opg expression did not change (Figure 2d ). Consistent with these data, TRAP-positive multinucleated osteoclasts were reduced on the trabecular bone surface of the distal femur in Smad4Δ Os mice (Figure 2e and f) . These results indicate that deleting Smad4 in osteoblasts/ osteocytes decreased osteoclastogenesis. Although the expression of bone mineralization markers was reduced in Smad4Δ Os mice, trabecular bone mass increased due to decreased osteoclastogenesis.
Smad4 is essential for osteoblast/osteocyte viability
The density of osteoblasts in the primary spongiosa, endosteum-lining osteoblasts and osteocytes in cortical bone increased significantly at 3 weeks postnatal in Smad4Δ Os mice (Figures 3a and b) . These changes matched Col1a1-Cre activity (Figure 1c ). Although these differences in cell density were not observed at 3 days postnatal, the density of osteocytes continued to increase in adult mice, and the density of osteoblasts in the primary spongiosa increased until growth stopped ( Supplementary Figures S2a and S2b) . A change in proliferation and apoptosis could alter cell density and cell viability. To examine differences in proliferation between the control and Smad4Δ Os mice, BrdU labeling was performed on postnatal day 10 mice. BrdU-labeled cells were not different between control and Smad4Δ Os mice on trabecular osteoblasts and cortical osteocytes (Figure 3c and d) . To investigate differences in apoptosis in Smad4Δ Os mice, TUNEL staining and western blotting was performed on bone tissue in 3 weeks postnatal mice. The percentage of TUNEL-positive cells decreased significantly in Smad4Δ Os mice (Figure 3e ). To measure apoptosis levels in bone tissue, Bax (a pro-apoptotic factor), Bcl-2 (an anti-apoptotic factor) and cleaved caspase 3 (an executioner caspase), which are integral to the mitochondrial apoptosis pathway, were examined by western blotting. The Bax/Bcl-2 ratio and protein level of cleaved caspase 3 were decreased in Smad4Δ Os mice (Figure 3f ). These data indicate that Smad4 regulates osteoblast/osteocyte apoptosis and viability through the mitochondrial apoptosis pathway.
Smad4 regulates osteoblast apoptosis and mineralization in vitro
To observe the effect of Smad4 on osteoblast apoptosis in vitro, we extracted osteoblasts from calvaria in control mice and Smad4Δ Os mice at postnatal day 3 and induced differentiation using ascorbic acid and β-glycerophosphate. Previous studies demonstrated that osteoblast differentiation induced osteoblast Smad4 controls bone homeostasis YJ Moon et al apoptosis. 27, 28 After 3 weeks of mineralization, the protein level of Smad4 was decreased in primary osteoblasts from Smad4Δ Os mice (Figure 4b ). In addition, mineralization of primary osteoblasts from Smad4Δ Os mice decreased as determined by collagen I (Figure 4b ) from western blotting and alizarin red staining (Figure 4a ). Similar to the results of TUNEL staining and western blotting (Figures 3e and f) , the protein levels of proapoptotic caspase 3 and Bax decreased, whereas the expression of antiapoptotic Bcl-2 increased in primary osteoblasts from Smad4Δ Os mice (Figure 4b ). These results showed that osteoblasts from Smad4Δ Os mice were functionally inadequate for mineralization and that apoptosis was suppressed. Consistent with previous reports 27, 28 , these results suggest that immature mineralization affects apoptotic cell death in osteoblasts. To confirm the role of Smad4 on the apoptosis of osteoblasts, 7F2 cells, mature osteoblast cells derived from bone marrow, were transfected with empty vector or Smad4. Overexpressed Smad4 was demonstrated by western blotting (Figure 4c ). The Bax/Bcl-2 ratio and protein level of cleaved caspase 3 were increased in 7F2 cells with overexpressed Smad4 after differentiation (Figure 4d) . Furthermore, compared with the empty vector group, many Smad4-transfected cells underwent apoptotic changes, as determined using the APOPercentage apoptosis assay kit (Figures 4e and f) .
Disruption of Smad4 resists bone loss caused by unloading induced apoptosis
To determine whether Smad4 is important for controlling osteoblast/osteocyte viability in a pathologic state, we tailsuspended Smad4Δ Os and control littermates for 2 weeks to induce apoptosis. In control mice, the bone volume, BV/TV and cortical thickness decreased significantly due to unloadinginduced apoptosis. In addition, the total porosity significantly increased in the cortical bone of tail-suspended control mice ( Figure 5a and Table 2 ). However, the bone volume, BV/TV and cortical thickness were not significantly decreased and total porosity was not significantly induced in Smad4Δ Os mice ( Figure 5a and Table 2 ). Consistent with the protective effect on bone mass, the density of endosteum-lining osteoblasts/osteocytes in Smad4Δ Os mice was not changed after unloading (Figures 5b and c) . By contrast, the density of endosteum-lining osteoblasts and osteocytes was significantly decreased in control mice after unloading (Figures 5b and c) . Furthermore, TUNEL-positive osteocytes showed a pattern similar to that of the cell density. TUNEL-positive osteocytes increased significantly in tail-suspended control mice but not in similarly treated Smad4Δ Os mice (Figures 5d and e) . Using immunohistochemical staining, caspase 3 was localized in endosteal osteoblasts and osteocytes of tail-suspended control mice. In addition, empty lacunae were present in the cortical bone of these mice. However, caspase 3 expression was absent in endosteal osteoblasts and osteocytes of tail-suspended Smad4Δ Os mice (Supplementary Figure S3) . These data indicate that disruption of Smad4 protects against bone loss and apoptosis resulting from unloading.
DISCUSSION
In this study, we investigated the functional significance of Smad4 in regulating osteoblast/osteocyte viability during bone formation and remodeling. Col1a1-Cre-mediated disruption of Smad4 in osteoblasts/osteocytes reduced osteoblast/osteocyte apoptosis and decreased osteoclast activity. In addition, in a model of induced apoptosis, Smad4Δ Os osteoblasts/osteocytes were more resistant to apoptosis than were controls. Consequently, bone remodeling was suppressed, and osteoclast activity was decreased. It has previously been reported that Smad4 affects bone homeostasis. 16 However, the bone phenotypes described in this previous study were somewhat different from our results. The authors showed that mice with Osx-Cre-mediated Smad4 disruption had severe growth retardation, hypomineralization and multiple rib fractures. By contrast, in our study, Smad4-disrupted mice exhibited delayed growth in the modeling state; however, they mostly recovered with age and did not exhibit craniofacial bone defects or rib fractures (Figures 1d and e) . Furthermore, adult mutant mice demonstrated greater cortical thickness and less porosity than control mice (Table 2 ). These differences may be the result of several factors. First, the phenotypic differences may have been caused by Cre-activity. Col1a1-Cre activity was observed in mature osteoblasts, located in the trabecular bone and endosteum, and osteocytes. Furthermore, Smad4 expression was not changed in other major organs, as evaluated by western blotting (Figures 1a and c) . However, Osx-Cre activity was observed not only in osteoblasts and osteocytes but also in precursor osteoblasts, chondrocytes, stromal cells, adipocytes and perivascular cells in the bone marrow. Furthermore, Osx-Cre targeted tissues in addition to the skeleton, including gastric and intestinal epithelia. 29 Second, osteoblast functions vary according to the state of cell maturation. In osteoprogenitor cells, treatment with BMP2 had only small effects on apoptotic signs. However, in mature osteoblast cells, BMP2 resulted in a robust increase in apoptosis through the Smad pathway. 22 Therefore, Smad4 disruption in mature osteoblasts can increase resistance to apoptosis. Third, Osx-Cre mice have their own phenotypes. Several studies reported that Osx-Cre mice exhibit multiple bone defects and that these mice have delayed and reduced calvarial mineralization. Furthermore, fracture callus spots were frequently observed on multiple bone lesions. [30] [31] [32] Although Smad4 is a common mediator of both TGF-β and BMP signaling, the phenotypes of the Smad4Δ Os mice were more similar to those of mutants with disrupted BMP signaling. In Bmpr1a-disrupted mice, the numbers of osteoblasts and osteocytes increased with an increase in bone mass. 15, 33 In these mice, osteoclastogenesis, as well as the bone formation rate, were reduced, resulting in increased bone mass. By contrast, TβRII conditional knockout mice exhibited not only increased bone formation but also increased osteoclastogenesis, similar to observations in active PTHIR mice. 34 In calvarial osteoblasts, treatment with TGF-β decreased Runx2 expression and alkaline phosphatase activity. 16, 35 The authors suggested that TGF-β-activated Smad3 regulates osteoblast gene expression by repressing Runx2 transcription. 35 However, treatment with BMP2 increased Runx2 expression and ALP activity in osteoblasts. 16 These results indicate that TGF-β and BMP signaling have different roles in Runx2 expression and ALP activity in osteoblasts. On the basis of our data, disruption of Smad4 in osteoblasts/osteocytes reduced the expression of Runx2 and ALP (Figure 2c) . Therefore, the role of Smad4 in osteoblasts/osteocytes may be more affected by BMP signaling than TGF-β signaling.
Although Smad4 is known to increase apoptosis in a variety of cells, it remains unclear whether Smad4 is involved in regulating the viability of mature osteoblasts and osteocytes in vivo. On the basis of our findings, disruption of Smad4 in osteoblasts and osteocytes increased their viability, and this was mediated via the mitochondrial integrity pathway. The expression of Bax/Bcl-2, the amount of cleaved caspase3, and the number of TUNEL-positive cells were reduced in Smad4Δ Os mice, as was the number of primary calvarial osteoblasts isolated from Smad4Δ Os mice. In addition, apoptosis was increased by osteoblast differentiation in mature osteoblast cells with overexpressed Smad4. Previously, it was reported that Smad-dependent BMP signaling induces osteoblast apoptosis via the mitochondrial pathway in mature osteoblast cells, 22 although there is some controversy about this. Osx-Cre-mediated Smad4-disrupted mice exhibited increased apoptosis of osteoblasts in bone. 16 However, because this previous study used Osx-Cre, which acts in precursor osteoblasts, it showed diverse results in the deletion of Smad4 in mice. In the current study, we used Col1a1-Cre, which acts in mature osteoblasts and osteocytes. The apoptotic function of Smad4 in mature osteoblasts in vivo is consistent with in vitro data and is also supported by the findings of previous reports. Eliseev et al. 36 showed that the effect of BMP2 on increasing Bax expression and apoptosis is Runx2-dependent. Furthermore, Runx2 directly binds to the bax promoter and transactivates the bax gene promoter in the Saos2 cell line. Because BMP/Smad induces the expression of Runx2, 37,38 a finding consistent with our study, the BMP/Smad signaling pathway may affect apoptosis via the mitochondrial integrity pathway. Future work will focus on elucidating detailed mechanisms by which loss of Smad4 in osteoblasts impacts the mitochondrial integrity pathway.
Osteoblast apoptosis, such as steroid-induced apoptosis and microgravity-induced apoptosis, stimulates osteoclastogenesis and bone resorption. These events are regulated by RANKL and OPG secretion from osteoblasts. 7 Previously, osteocytespecific apoptosis was found to be associated with increased RANKL expression. Furthermore, osteocyte-ablated mice are resistant to bone loss in unloading. 8 In addition, osteocytespecific disruption of RANKL prevented unloading-induced bone loss. 9 These reports suggest that osteoblast/osteocyte apoptosis has a key role in orchestrating bone homeostasis. Osteoblast/osteocyte apoptosis, which is associated with increased RANKL expression, may control local osteoclast generation, thereby mediating bone resorption. In our study, bone cell viability increased in Smad4Δ Os mice, whereas bone resorption decreased with reduced RANKL expression. In addition, Smad4Δ Os mice resisted bone loss caused by unloading-induced apoptosis because of the enhanced viability of their osteoblasts and osteocytes. These results suggest that Smad4 may be required for bone homeostasis that is mediated through the regulation of bone cell viability.
